We report rotationally resolved spectra of jet-cooled methanol for the OH stretch overtones, 2v 1 and 3v 1 , and for the torsional combinations, 2v 1 ϩv 12 , 2v 1 ϩ2v 12 , 3v 1 ϩv 12 , and 3v 1 ϩ2v 12 . The spectra are obtained by direct excitation from the vibrational ground state with an infrared laser pulse. Population in the resulting upper state levels is detected by infrared laser assisted photofragment spectroscopy ͑IRLAPS͒. Global fits of the spectra to the Herbst Hamiltonian yield the torsional and rotational parameters, including F, , V 3 , and V 6 , for each OH stretch excited state. For each quantum of OH stretch excitation, we find that the torsional barrier height V 3 increases by 40.9Ϯ1.9 cm Ϫ1 and the torsional inertial F decreases by 0.89Ϯ0.02 cm
I. INTRODUCTION
Methanol is the simplest molecule to possess a methyl internal rotor, and thus its spectroscopy has been used to study the dynamics of large amplitude motion for many decades, starting with the pioneering work of Dennison and co-workers. [1] [2] [3] More recently, such motion has been implicated in facilitating intramolecular vibrational energy transfer ͑IVR͒ 4 -10 and influencing the dynamics of unimolecular dissociation. 5, 11 Wang and Perry 10 have demonstrated how the torsion in methanol causes an inverted ordering of the A and E tunneling levels in the fundamental spectra of the symmetric CH stretches. This work reveals that torsionvibration couplings can be strong and presents quantitative measures of such couplings in methanol.
Boyarkin et al. have provided insight into the dependence of the torsion-rotation potential of methanol on vibrational excitation of the OH stretch (v 1 ) by measuring a series of double-resonance overtone spectra of jet-cooled methanol. 12 These experiments determine the A -E tunneling splitting at several levels of vibrational excitation, which, in turn, allow estimation of the torsional barrier V 3 up to v 1 ϭ6. To extract the barrier height from the splittings, they had to assume a model for the change in torsional inertial constant F with OH excitation. Using either the OH radical or the hydrogen peroxide molecule to model the vibrational dependence of this inertial constant, they concluded that the torsional barrier V 3 increases linearly as a function of vibrational excitation. The difficulty in this analysis arises from the high degree of correlation of F and V 3 in the fits of the torsion-rotation transitions involving only the lowest torsional level. To determine these two parameters unambiguously, it is necessary to analyze combination states involving excitation of the torsion (v 12 ) along with the OH stretch vibration.
We report here rotationally resolved combination bands of methanol involving torsional excitation up to v 12 ϭ2 and OH stretch excitation with v 1 ϭ2 and 3. To obtain torsionalrotational parameters as a function of OH stretch excitation, we perform global fits of the rotationally resolved spectra to the Hamiltonian of Herbst. [13] [14] [15] [16] 
II. EXPERIMENTAL APPROACH
The IRLAPS detection technique has been used over the past decade for measuring spectra of highly vibrationally excited molecules such as CF 3 H, 17, 18 SiH 4 , 19, 20 and methanol, 12, [21] [22] [23] and the experimental details have been previously described. 21,24 -27 We briefly summarize this technique as applied to the present experiments. Figure 1 shows a schematic level diagram for IRLAPS as applied to methanol. An infrared laser pulse excites ground state methanol either to the first OH stretch overtone level or to combination levels involving 1 and 2 quanta of torsion. Subsequently, a CO 2 laser pulse promotes the preexcited molecules to the dissociation threshold via infrared multiphoton excitation of the CO stretch, producing OH and CH 3 radicals. Finally, the OH products are detected by laserinduced fluorescence ͑LIF͒. The IR spectrum of the preexcited level is obtained by monitoring the LIF intensity as a function of the overtone excitation laser wave number.
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We expand a 1.5% mixture of methanol in helium at 1.5 atm through a solenoid actuated pulsed valve ͑0.5 mm diameter nozzle͒ into a stainless-steel vacuum chamber evacuated by a 6Љ diameter diffusion pump. Typically, the expansion process cools methanol molecules to a rotational temperature between 5 and 10 K. A frequency doubled Nd:YAG laser pumps a tunable dye laser that excites transitions in the region of the v 1 ϭ3 level of methanol. For transitions in the region of v 1 ϭ2, the dye laser output is shifted to lower wavenumber by stimulated Raman scattering ͑first Stokes͒ in 20 bar of H 2 . Approximately 150 ns after the dye laser pulse, a 1 Joule pulse from a TEA-CO 2 laser, operating in an unstable resonator mode on the 10P͑20͒ line ͑944.18 cm Ϫ1 , 10.5912 m͒, dissociates the preexcited molecules via IRMPD. The CO 2 laser beam is focused onto the molecular beam in the vacuum chamber by an f ϭ100 mm ZnSe lens, producing a beam waist of 400 m at the focal point. Finally, the OH fragments resulting from IRMPD of methanol are probed via LIF using the second harmonic of a Nd:YAG laser pumped dye laser at ϳ308 nm ͑Q 1 1 transition 28 ͒. We set the LIF probe laser to arrive 1 s after the initial overtone excitation, and thus use only the first 850 ns of the CO 2 laser pulse for dissociation.
The wave number calibration of the dye lasers are verified by comparison to photoacoustic spectra of known water transitions. Figure 2 shows spectra of the first and second overtones of the OH stretch vibration in methanol. Each spectrum exhibits a pure OH stretch overtone band on the low frequency side carrying most of the intensity and two weaker bandsone 250 cm Ϫ1 higher in wave number, spread over 100 cm
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III. ASSIGNMENTS AND GLOBAL ANALYSIS
A. Selection rules and assignments
Ϫ1
, and a second still weaker band 500 cm Ϫ1 higher spread over more than 200 cm
. The pure overtone bands reach the torsional ground state (v 12 ϭ0); the next two bands reach first torsionally excited states, v 12 ϭ1 and 2, respectively, as shown in Fig. 3 . The torsional tunneling splitting between the A and E levels increases dramatically with torsional excitation until at v 12 ϭ2 the torsion becomes free internal rotation and the A/E splitting is about 140 cm
. This very large A/E splitting, together with strong torsion-rotation FIG. 1. Energy level scheme for vibrational overtone excitation used to access the OH stretch overtones of methanol and combination vibrations of these overtones with one and two quanta of torsion.
FIG. 2.
Overtone spectra of the v 1 ϭ2 and 3 levels of the OH stretch vibration in methanol and their torsional combination states. The spectra are plotted as a function of the overtone laser wave number relative to 7200 cm Ϫ1 and 10 540 cm Ϫ1 for v 1 ϭ2 and 3, respectively. To avoid crowding the figure, only some of the assigned subbands are indicated. An enlargement of the sub-band Kϭ1←1 A, reaching 2v 1 ϩ2v 12 , shows the rotational resolution achieved and illustrates the assignment of individual rotational transitions.
coupling ͑illustrated in Fig. 4͒ , is responsible for spreading the weaker bands over such a wide wave number range. The consequence of the wide wave number spread of the torsional combination bands (v 12 ϭ1,2←0) is that they are much less congested than the primary bands (v 12 ϭ0←0) and they are well resolved and readily assignable in the present single resonance spectra.
In the upper spectra of Fig. 2 , the bands to the torsionally excited states are less evident because they reach a higher vibrational state and therefore have lower intensity. Moreover, these bands coincide with the third overtone of the CH stretch vibration as assigned in other work. 30 However, the sharper features do not belong to the broad CH overtone band beneath them, and as discussed below, we assign them to 3v 1 ϩv 12 and 3v 1 ϩ2v 12 . An enlargement of the Kϭ1←1A sub-band reaching 2v 1 ϩ2v 12 demonstrates that we resolve individual torsion-rotation transitions.
To understand the detailed pattern of these transitions, one must consider the applicable torsion-rotation selection rules. The dipole moment of methanol has components along the a and b axes in the COH plane, 31 allowing transition moments parallel (⌬Kϭ0) and perpendicular (⌬KϭϮ1) to the a axis. For parallel transitions, the J selection rules are ⌬JϭϮ1 if Kϭ0 and ⌬Jϭ0,Ϯ1 if K 0. Perpendicular transitions allow ⌬Jϭ0,Ϯ1 for any value of K. 31 The A and E torsional states combine with different nuclear spin functions, and no transitions are allowed between A and E levels. For the A symmetry species, we also have the selection rules involving the ϩ/Ϫ labels. When ⌬v 12 is even, ϩ↔Ϫ for ⌬Jϭ0 transitions, and ϩ↔ϩ and Ϫ↔Ϫ for ⌬JϭϮ1; for odd ⌬v 12 , the reverse is true. 31, 32 At the 0.05 cm Ϫ1 resolution of our spectrum, the asymmetry splittings are not resolved, hence the ϩ/Ϫ labels of the upper and lower states involved in A symmetry transitions cannot be specified. This is only a problem for transitions connecting two states with K 0, since Kϭ0 levels are not split. To overcome this difficulty, the unresolved asymmetry doublets are listed in the fit as corresponding to both allowed transitions. For pure torsional transitions in the far infrared, ⌬v 12 can in principle take on any value other than 0, with the selection rules ⌬KϭϮ1. 31 As the assignments in Fig. 2 clearly show, not all the transitions in the combination band involving OH stretch and torsion follow these rules. For example, for ⌬v 12 ϭ2 we observe only ⌬Kϭ0 transitions. In Sec. IV B below, we summarize and discuss the observed spectroscopic propensities and present a Franck-Condon model to account for them.
Tables I and II list torsion-rotation assignments of the bands of Fig. 2 . We use the assignments of our previous work for the v 1 ϭ3 band after shifting our former spectra 12, 21 by Ϫ3.96 cm Ϫ1 to correspond to our present more accurate frequency calibration. The remaining assignments were made directly from the spectra of Fig. 2 . Each sub-band has a distinctive pattern according to the changes in quantum numbers. 33 The primary assignments, together with pattern recognition methods, permit the assignments of the subbands reaching the torsionally excited levels. The assignments are aided by the predictions for the torsionally excited states obtained from the spectroscopic Hamiltonian of Herbst. 13 Ground state combination differences based on accurate ground state energies 16 support the assignments.
B. Global Hamiltonian and fit
The global torsion-rotation Hamiltonian used for fitting the first two OH stretch overtones and corresponding torsional combination bands has the same form as that developed by Herbst et al. for the pure rotational spectrum of acetaldehyde. 13 We use a program based on this Hamiltonian originally written by Kleiner and Godefroid for the analysis of the fundamental torsion band in acetaldehyde 14 and the OH stretch fundamental of methanol. 34 Xu and Hougen subsequently used this program to fit the transitions in the torsional ground and first excited states of methanol, 15, 16 and Chirokolava et al. compiled it on a SG O2 workstation to analyze the v 1 ϭ1 level of 13 C methanol. 35 In the present study, all 57 model parameters of the ground vibrational state are held fixed to the values determined by Xu and Hougen. 16 The assigned transition frequencies are fit to eight parameters of the excited state: the three rotational constants ͑A, B, and C͒, the torsional inertial constant ͑F͒, the constant , which depends on certain moments of inertia, 31 the two Fourier components of the torsional po- Table III shows the parameters determined by least square fits of the data presented in Tables I and II for Fig. 4 display the observed and calculated torsion-vibration energies for the OH-stretch sub-band origins for v 1 ϭ2 and 3. The determination of these energies involve several steps. First, we add the appropriate lower state energy 16 to the measured transition frequency. Then, we remove the rigid-rotor energy by extrapolating the energy levels to JЈϭ0 and subtracting the K-rotational contribution, ͓AϪ(BϪC)/2͔KЈ 2 , using the rotational constants from fit II for v 1 ϭ2 and fit IV for v 1 ϭ3. When the energy of a given state can be obtained by different transition paths, we use the average of the various values. The tabulated uncertainties correspond to the standard deviation obtained from the linear extrapolation to JЈϭ0.
The presence of perturbations severely complicates the assignment of torsion-rotation transitions. These perturba- -rotation transitions in the 3 1 , 3 1 ϩ 12 , and 3 1 ϩ2 12 The observed transion frequencies in this band are the difference between the reported excited state energies ͑Ref. 12͒ corrected by the frequency calibration, and the ground state energies ͑Ref. 16͒. When a double resonance excitation scheme was used, the overall selection rules are ⌬J,⌬KϭϮ2,Ϯ1,0. The sub-bands Kϭ1←0 E and Kϭ1←Ϫ1 E were reached through different intermediate states, and both results were used in our fit.
tions can shift an entire subband by several tenths of a cm
Ϫ1
while preserving a normal P-, Q-, R-branch structure. The manner in which perturbations are treated will influence the resulting torsion-rotation parameters from the fit. Different strategies have been used in previous studies to overcome this problem. In the analysis of the v 1 ϭ1 band of methanol, Kleiner et al. 34 removed all of the perturbed transitions to obtain a global fit for that vibrational level. This strategy can only be successful when the number of unperturbed lines is sufficient to achieve a meaningful analysis. In the survey of the v 1 ϭ1 band in 13 C methanol by Chirokolava et al., 35 a similar strategy could not be used, because the number of unperturbed levels was insufficient. Instead, they fit the frequencies of the apparently unperturbed lines together with the deperturbed frequencies.
In the present work, we neglect these perturbations and use the measured frequencies directly in the fit. To perform a deperturbation analysis, both states involved in the perturbation need to be observed in the spectrum, which is not the case here. Nonetheless, even undetected perturbing states can shift the frequencies of the observed transitions. These perturbations increase the magnitude of the root mean square ͑RMS͒ error of the fit beyond the experimental precision. The wide frequency range ͑600 cm Ϫ1 ͒ of the torsionally excited states minimizes the impact of this rather large RMS error on the precision with which the fitted parameters can be Fits to the transition frequencies in Tables I and II . In fits I and III, A, B, and C were held constant to their linear extrapolation value from the ground vibrational state and the first excited state. In fits II and IV these constants were also varied. Numbers in parentheses are one standard deviation from the fit in units of the last digit. determined.
Comparison of the two fits for each vibrational level ͑Table III͒ demonstrates our ability to model the torsional potential in the presence of possible perturbations. In fits I and III, the rotational constants A, B, and C were set to values linearly extrapolated from their values at v 1 ϭ0 and 1. 16, 32 As expected, the OH bond elongates upon excitation resulting in a decrease in the rotational constants as a function of v 1 . In fits II and IV, where the three rotational parameters vary freely, they converge to slightly different values, but the resulting torsional parameters are nearly identical to those obtained in fits I and III, respectively.
IV. DISCUSSION
A. Vibrational dependence of the torsion potential
The torsional parameters that we determine for the first and second OH stretch overtone levels confirm the qualitative dependence of the constant of moment of inertia F, and the tunneling barrier V 3 found by Boyarkin et al. 12 Following the example given for the OH torsion in H 2 O 2 , 5 they assumed a linear model for these two parameters as a function of v 1 . Since they did not observe torsionally excited states, they could not obtain the precise values of the torsional parameters upon vibrational excitation. They obtained an approximate trend based on the tunneling splittings measured by double resonance spectroscopy and estimated values of F obtained by comparison to the moment of inertia of the OH radical 36 and the HOOH molecule. 5 They concluded that the torsional potential barrier should increase 45-40 cm Ϫ1 for each quantum of excitation in the OH stretch. Using the new data for v 1 ϭ2 and 3, together with the data available for v 1 ϭ0 and 1, the vibrational dependence of the torsional parameters are shown in Fig. 5 . As can been seen from the figure, our values of F and V 3 are close to those reported by Boyarkin et al. 12 However, with the inclusion of torsionally excited states measured in the present work, V 3 and the other torsional parameters can be obtained directly from the fit without estimating F from data on related molecules. The decrease of the constant of the torsional moment of inertia F as a function of vibrational excitation of the OH stretch is in agreement with the physical picture described previously. 12 As the v 1 vibration is excited, the corresponding OH bond is elongated, increasing the moment of inertia of the OH torsion around the CO bond and decreasing F. Likewise, the dimensionless inertial constant also decreases with OH excitation.
The measured increase in the torsional barrier, V 3 , with OH excitation ͑Fig. 5͒ might at first seem to be in contradiction with this picture, since the elongation of the OH bond should decrease the steric hindrance to the torsional movement. However, the origin of this barrier is not steric but electronic in nature. In the case of hydrogen peroxide, the increase of the trans-barrier with OH vibrational excitation was explained with the help of ab initio calculations. [37] [38] [39] Carpenter et al. showed how the charge-transfer interaction between the nonbonding orbital of the donor lone pair electrons on the oxygen atom (n O ) and the acceptor antibonding orbital of the OH bond ( OH * ) increases as function of the elongation of this bond and results in an increase of the trans-tunneling barrier. 37, 38 Kuhn et al., using their sixdimensional analytical potential, also calculated the increase in the trans-barrier in H 2 O 2 , and they determined the vibrational dependence of the equilibrium dihedral angle in HOOH as a function of the length of the excited OH bond. 39 They explained qualitatively this phenomenon through changes in the s and p character of the bonding orbital.
In methanol, the increase of the tunneling barrier as a function of OH excitation originates from changes of the electronic structure as the OH bond is stretched. According to recent ab initio calculations at the MP2/6-311G ϩ(3d f ,2p) level by Go and Perry, 40 excitation of the OH stretch induces a shortening of the CO bond ͑Fig. 6͒. At the outer classical turning point for v 1 ϭ6, the contraction of the CO bond would imply, according to Pauling's rules, a 1% CO double bond character. The torsion around this bond is thus hindered, resulting in an increase of the tunneling barrier V 3 . One might expect that the movement of electronic charge as the OH bond is stretched would lead to increasing stiffness of the CO oscillator and result in a positive crossanharmonicity between these two modes. Indeed, from the global vibrational analysis of the combination band spectra of methanol presented elsewhere, 30 this cross anharmonicity is determined to be x 18 ϭϩ3.28Ϯ0.58 cm
Ϫ1
, in agreement with this picture. Moreover, a transfer of electron density towards the CO bond upon OH stretch excitation would cause a change in dipole moment along its a axis, inducing a-type ͑parallel͒ character in the OH stretch overtone transitions. Indeed, our methanol spectra reaching the higher OH stretch levels (v 1 ϭ5,6) exhibit predominantly parallel transitions. 12, 21, 22 The dependence of V 3 on the degree of OH vibrational excitation ͑Fig. 5͒ deviates somewhat from linearity. The increase in V 3 is greater from v 1 ϭ2 to 3 than it is from v 1 ϭ0 to 1 or from v 1 ϭ1 to 2. In their ab initio calculations on hydrogen peroxide, Carpenter et al. 37 found a steeper increase in the trans torsional barrier for the higher OH overtones than for the lower overtones. The corresponding experimental data showed a linear trend, 5 but the experimental error bars were large enough that the concave upward theoretical curve was in reasonable agreement. Although the nonlinearity is an order of magnitude larger than the standard deviation of V 3 as determined from the fits, it is possible that undetected perturbations could be distort an otherwise linear trend. Nonetheless, the data of Fig. 5 are the first experimental evidence of a steeper than linear increase in a torsional barrier with vibrational excitation.
While the V 6 term does not affect the barrier height, it does affect the shape of the torsional potential. At the v 1 ϭ2 level, we find V 6 to be less than 1% of V 3 and negative ͑Fig. 5͒, in qualitative agreement with v 1 ϭ0 and 1.
16,32 At the v 1 ϭ3 level, we find V 6 to be much larger and positive. This surprising result would seem to indicate a qualitative change in the shape of the effective torsional potential at high OH stretch excitation. Determining V 6 reliably in addition to F and V 3 requires data on three torsional states, v 12 ϭ0, 1, and 2. While our data for both v 1 ϭ2 and 3 ͑Table III͒ can be used to determine V 6 with good statistical precision, at v 1 ϭ3, we have only two upper state K levels with v 12 ϭ2 ͑Kϭ1A and KϭϪ1E as listed in Table II͒ . If one of these were substantially shifted by a perturbation, a systematic error in the determination of V 6 could result. Additional evidence will be needed to confirm this indication a qualitative change in the shape of the torsional potential at high OH stretch excitation.
B. Intensity and selection rules
The intensity of the combinations bands, as reflected in the spectra of Fig. 2 , declines by about an order of magnitude for each additional quantum of torsion excited. An examination of the observed transitions in Tables I and II suggests for ⌬v 12 ϭ0, ⌬Kϭ0,Ϯ1, ͑1͒
for ⌬v 12 ϭ1, ⌬KϭϮ1 only, ͑2͒
for ⌬v 12 ϭ0, ⌬Kϭ0 only. ͑3͒
It is noteworthy that the apparent ⌬K selection rule is different for excitation of one and two quanta of torsion, because such is not the case for torsional spectra observed in the far infrared. 31 We use a Franck-Condon model to explain these observations.
In the Franck-Condon treatment of electronic transitions, the adiabatic separation of electronic and vibrational motion gives rise to relative intensities of vibrational features within an electronic band that depend on the overlap of vibrational wave functions in the upper and lower electronic states. In the present case, the adiabatic separation of the high frequency OH stretch from the low frequency torsional motion allows a similar treatment. The substantial change in the effective torsional potential with OH stretch excitation implies the possibility of off-diagonal Franck-Condon factors corresponding to torsional excitation.
For the purposes of this discussion, we represent the wave function of the system as 
where j ␣ is the torsional angular momentum operator. Because methanol is a near-prolate top, we can replace the rotational angular monentum operator J a by Kប in the second line of Eq. ͑4͒. This reduces Eq. ͑4͒ to a one-dimensional torsional Hamiltonian in which the rotational quantum number K appears only as a parameter. This means, however, that the derived torsional wave functions also depend paramentrically on K, i (␣)ϭ i (␣;K). We write the dipole moment as
where the permanent dipole moment and its dependence on the two vibrational modes is included explicity. The permanent dipole, ជ 0 , gives rise to pure rotational transitions; ជ 1 (r) is responsible for the OH stretch fundamental and overtone transitions; and ជ 12 (␣) gives rise to torsional transitions in the far infrared. The intensity of the OH stretch infrared transitions reaching ⌿ ik Ј from ⌿ jl Љ will be proportional to
where the upper and lower states are labeled with primes and double primes, respectively. This expression is analogous to the Franck-Condon expression for electronic transitions. Because the torsional potential changes substantially upon excitation of the OH stretch, the ''Franck-Condon factors,'' f kl ϵ͉͗ k Ј͉ l Љ͉͘ 2 are not rigorously diagonal. To estimate the Franck-Condon factors, we calculate upper and lower state torsional wavefunctions using the constants of Table III to diagonalize Eq. ͑4͒ in a free internal rotor basis. As expected, the calculated Franck-Condon factors are close to unity when kϭl, that is for transitions in which the torsional quantum number, v 12 , does not change. These diagonal Franck-Condon factors depend slightly on KЈ and A/E symmetry. Averaging over the low values of KЉ and KЈ accessible in our jet experiments ͑KЉϭ0,Ϯ1 and KЈϭ0,Ϯ1,Ϯ2͒, we obtain f 00 ϭ0.96. The corresponding Franck-Condon factors for excitation of one quantum of torsional excitation, ⌬v 12 ϭ1, are much lower. We find f 10 ϭ0.0008 for ⌬Kϭ0 and f 10 ϭ0.07 for ⌬KϭϮ1. The calculated factors for ⌬v 12 ϭ2 are even smaller: f 20 ϭ0.0025 for ⌬Kϭ0 and f 20 ϭ0.0004 for ⌬KϭϮ1. The Franck-Condon model is thus in qualitative agreement with experiment insofar as those subbands that we observe ͓Eq. ͑2͒ and ͑3͔͒ are correctly predicted to be more intense than those that we do not observe. Furthermore, the calculation accounts for the order of magnitude decrease in the intensity for each additional quantum of torsional excitation.
While the calculation predicts very few of the FranckCondon factors to be rigorously zero, it suggests propensity rules for the relative intensities. In the present case, the intensities of transitions with a calculated f kl Ͻ0.001 fall below our experimental detection limit. Nonetheless, the propensity for ⌬KϭϮ1 transitions when ⌬v 12 ϭ1 is quite striking, because these transitions are predicted to be about two orders of magnitude stronger than those for ⌬Kϭ0. To understand this difference, we need to look at the way the torsional wave functions vary with both OH stretch excitation and K rotation. Despite the quantitative change in the torsional potential upon OH stretch excitation, the symmetry of the potential is unchanged, and the minima occur at the same angles in the upper and lower states. Therefore, for the same K, the form of the torsional wave functions is largely unchanged upon OH stretch excitation, and pairs of wave functions with different torsional quantum numbers are very nearly orthogonal. However, as shown in Eq. ͑4͒, the torsional Hamiltonian, and hence the form of the torsional wave functions, depend parametrically on K. In methanol, the parametric dependence on K is sufficient that the overlap of corresponding torsional wave functions is a few percent less than unity when K is changed by one. Therefore, for ⌬KϭϮ1, the almost perfect orthogonality of the torsional wave functions in the upper and lower OH stretch states is destroyed and the FranckCondon factors f 10 are large enough to allow easily observable transitions.
Significant approximations are involved in applying the Franck-Condon principle ͓Eq. ͑6͔͒ to vibrational spectra. Equation ͑4͒ allows a nonlinear dependence of the dipole moment on each of the two vibrational coordinates, but it neglects cross terms. Caution should therefore be used in applying Eq. ͑6͒ to make quantitative intensity predictions.
V. CONCLUSIONS
Off-diagonal torsional transitions up to ⌬v 12 ϭ2 have been observed and analyzed in the regions of the first and second OH stretch overtones of methanol. The effective torsional potential of methanol excited to v 1 ϭ2 and 3 has been determined by a global fit of the spectra to the Herbst Hamiltonian. The quantitative results confirm the trend predicted in previous work 12 and provide new information about the vibrational dependence of the torsional parameters. As in hydrogen peroxide, the torsional barrier, V 3 , increases with vibrational excitation, reflecting changes in the molecule's electronic structure when the OH bond is extended. A Franck-Condon model accounts for the apparent selection rules for the off-diagonal torsional transitions and the qualitative distribution of intensity in the spectrum.
under Grant No. DE-FG02-90ER14151. Support for the international collaboration between Akron and Lausanne was provided by the U.S. National Science Foundation under the grant INT-9602537.
